The wear of metallic components used in gas and steam turbines due to erosive sand particles leads to a tremendous decrease in their lifetime. This wear can be reduced by the use of suitable erosion resistant coatings resulting in lower maintenance costs. In this context, multilayer Cr/CrN PVD coatings using an industrial coater were designed and applied on Inconel 718, a material which finds its application in gas turbines. A variation in the bimodal period has been induced in order to achieve an optimal coating architecture providing optimum properties needed for the erosion resistant coatings. The coating was deposited using a single Crtarget with an induction of N 2 during the nitriding phase at a temperature of 480-500 ∘ C and the coating thickness of 24-26 m was kept constant throughout. The erosion tests were conducted at angles of 30 ∘ , 60 ∘ , and 90 ∘ . The sand used for the test is an irregular shaped SiO 2 . The erosion tests were followed by a detailed microscopic examination of the eroded coating structure in combination with nanoindentation and scratch tests.
Introduction
Solid particle erosion has been identified as a key problem which is responsible for the material removal of blades in aircraft engines operating in dust intensive environments [1] . Historical facts identify erosion as a critical issue as many of the engines had to be replaced after only 20 h during operations in the Gulf-war [2] . Loss of engine performance and reduced mean-time-between overhauls increase in logistic support are some of the problems due to particle erosion of metal components [3] . Hence, coating of metal components for improvement in engine lifetime as well as stable behavior of engines during operation is found to be a possible solution against erosion [4] . The use of single layer nitride coatings (TiN) has been a famous method for protection against erosion due to their high hardness [5, 6] . In contrast, TiAlN coatings with comparatively higher hardness have been devised as a better alternative to TiN coatings [7, 8] . Grögler et al. [9] introduced the use of CVD deposited diamond single layer coatings using low methane (CH 4 ) content against particle erosion.
A metal-ceramic multilayer architecture is a commonly used coating system, which utilizes the high hardness of the ceramic coating and high fracture toughness of the metal layer. Use of multilayer ceramic-metallic coatings like Ti/TiN [10, 11] , W/WN [12] , Ti/TiB 2 [13] , and TiAlN-X (Ti, Al, Cu) [8] has been previously studied in literature. Erosion rater of multilayer coatings was found to be much lower than for single layer coatings [12, 14] .
In this paper, a similar approach has been made to understand the wear behavior of metal-ceramic (Cr/CrN) multilayer coatings with various coating architectures. Cr und CrN have been used as a combination of multilayers as they are known for their high adhesion, corrosion, and wear resistance and for their high fracture toughness [15] [16] [17] . The present investigation aims to give an insight to the individual critical thickness of metal and ceramic layers required for an optimal coating design, role of the mechanical properties in designing an erosion resistant coating and the crack propagation behavior in various designed coatings. Investigations on the wear behavior due to particle impact can be found in literature [18] and has not been added in this study.
Experimental Procedures

Erosion Test.
The erosion tests have been performed on an erosion-test rig. This facility is an in-house build apparatus and consists of a particle feeder, particle injector, acceleration tube, test section, and a compressor. Abrasive particles are filled into the flask of the particle feeder and are fed in a controlled quantity to the particle injector. The abrasive particles are mixed with high pressure air coming from the compressor and the mixture is then accelerated through the acceleration tube. The velocity of the particle can be controlled by adjusting the pressure of the working gas. The accelerated particles are then impacted with a controlled velocity impact on the specimen surface in the test section.
A gravimetric analysis has been performed in order to measure the erosion behavior of coatings at various angles. An in-house designed specimen holder is used for the experiments, which allows to adjust the angles between acceleration tube and specimen. Two specimen have been tested per coating in order to understand the reproducibility of the coatings systems. Tests were performed for incidence angles of 30 ∘ , 60 ∘ , and 90 ∘ . SiO 2 sand with a particle size range of 75-310 m was used for the experiments. The sand particles are irregular and sharp-edged with a hardness of 6 Mohs ( Figure 1 ). They are fed with a flow rate of 1 g/min and an average velocity of 75 m/s was measured by means of a laser doppler anemometer (LDA).
Coating Deposition.
The IN-718 specimens with a thickness of 3 mm were cut into 30 × 30 mm coupons. They were than mechanically mirror polished and subjected to chemical and ultrasonic cleaning. Multilayer coatings were then deposited on this specimen in an industrial size PVDcoater HPPMS CC800/9 from CemeCon AG. The target and substrate distance was approximately 70 mm. Prior to the coating deposition process, the specimen were etched using argon gas. This etching process was performed using under vacuum at a pressure of 350 mPa for 30 min. The coatings were deposited in a static mode using a single 99.99% pure Cr target. Alternate Cr and CrN coatings were deposited by controlling the nitrogen flow within a chamber. A flow rate of 40 mln was used for the N 2 gas during the deposition of CrN layer. The coatings were deposited at a temperature range of 480-510 ∘ C. The Cr and CrN layers were deposited at a pressure of 300 mPa and a substrate bias of 90 V. A layer of Cr was selected as a first depositing layer in all cases due to its better adhesion with IN-718 substrate. The cathode power of 2000 W was used for both layers, whereas a substrate radio frequency of 110 kHz for Cr and 280 kHz for CrN layer was used in order to improve the adhesion of the coating. The deposition rate for Cr was found 0,15 m/min and for CrN 0,1 m/min. Film thickness was measured using a Calowear Test.
Adhesion and Mechanical Properties. A CSM Instrument
Revetest scratch tester was used to investigate the adhesion between the coating layer and the substrate and the critical load. A Berkovich Indenter with a 200 m in radius was drawn across the coatings surface under increasing normal load. The load was increased gradually starting from 1 to 80 N in an attempt to determine the critical load ( ) at which a failure occurs. The reported critical load values represent average values of three measurements, which were performed under identical experimental conditions. The scratch tracks on the films were examined by using an optical microscope.
The hardness and -Modulus measurements have been performed by using a nanoindenter (ASMEC GmbH). The Quasicontinuous Stiffness Method (QCSM) was applied using a Berkovich indenter using and a load of 100 mN. Load-displacement curves have been analyzed in order to obtain the hardness and -Modulus values of the various coatings. Microscopic investigation has been performed by means of a scanning electron microscope (SEM, Tescan Mira) and an energy dispersive X-ray (EDX) system (OXFORD Instruments). form of densely packed columns and is free from cracks and pores. In case of Cr layers, a perpendicular columnar growth of the coating with respect to substrate is observed which tends to orient itself at an angle during the coating growth. Moreover, thin CrN coating finds its growth in accordance to the Cr coating as no discontinuities are observed at the interface of Cr-CrN coating. An individual coating structure of single layer Cr and CrN coatings deposited on single crystal Si-wafer can also be observed in Figure 2 . It can be observed that both coatings shown are columnar structure, with Cr columns of larger diameter and porous structure as compare to CrN coatings. This in turn affects the mechanical properties of the coatings, which is discussed in next section.
Results and Discussions
Coating Architectures and Mechanical Properties.
In order to understand the effect of bimodal period in multilayer coatings, six coatings architectures have been deposited by varying the thickness of metallic and ceramic layer. The total thickness of the coating was always kept constant to a value of 22-26 m. The individual layer thickness corresponds to the index of the coating given in Table 1 . Hardness and -Modulus measurements have been performed with a nanoindenter using a load of 10 mN for single layer coatings and 100 mN for multilayer coatings. A 1/10th rule has been followed during the indentation experiments in order to avoid substrate effects. The mechanical properties of the coatings are included in Table 1 .
A variation in the mechanical properties of the multilayer coatings was observed due to the change in the thickness of metallic and ceramic layers as low -Modulus values have been observed for Cr1/CrN3 coating and high -Modulus for other multilayer systems. A possible reason for low elastic modulus and low hardness of Cr1/CrN3 coatings can be the evolution of a different microstructure and low residual stresses in comparison to other coating architectures which directly influence the mechanical properties of the coatings [19] . With further increase of ceramic layer thickness, the hardness as well as the -Modulus increased rapidly. This indicates that a critical thickness of ceramic and metal layers has to be achieved in order to achieve high 3 / 2 ratios. Exceeding the critical thickness values can result in worsening of the mechanical properties of the coatings. It can also be observed that the 3 / 2 ratio of CrN coatings is comparable to that of Cr1/CrN3. This behavior is attributed to the thickness and grain size of the Cr layer deposited in the multilayer matrix, affecting the mechanical properties of the multilayer coating [20] .
Coating Adhesion.
Scratch tests have been performed in order to evaluate the adhesion of the coatings to the IN718 substrate. For this purpose a progressive loading method with a minimum load of 1 N and a maximum load of 80 N was applied. The results have been evaluated using acoustic emission and depth penetration curves. An average of three critical load values is given in Table 2 .
The highest adhesion values were obtained for Cr0.25/ CrN0.25 coating whereas Cr0.25/CrN3.75 showed the lowest critical load values. It can be clearly identified that adhesion of coatings with a ceramic layer thickness up to 3 m showed high to medium critical load values. An increase in thickness of ceramic layer to 3.75 m results in a rapid decrease of the critical values. Exceeding these critical thicknesses of metal or ceramic layer in a coating architecture influences the mechanical properties of the coating system significantly.
For Cr3/CrN1 coating with a higher amount of metal than ceramic, no clear critical load values have been found for the system. The adhesion test is a method especially for the adhesion evaluation of ceramic coatings. Due to the more metallic character of Cr3/CrN1 no disruption in acoustic emissions indicating spalling of coatings could be observed for this coating. 
Gravimetric Analysis.
The gravimetric measurements were performed in intervals of 10 g sand for a total amount of 60 g sand. Some specimens, which showed an incubation period for 60 g of sand were further eroded in order to study the erosion mechanism in these coatings. Macroscopic images of the surfaces after erosion at an impact angle of 30 ∘ , 60 ∘ , and 90 ∘ can be observed in Table 3 . It can be observed in Figure 2 that the erosion scar transforms from an elliptical form to a circular shape as the incidence angle is changed from 30 ∘ to 90 ∘ . The reason for such a transformation is the large contact area eroded by the incidence particles at oblique angles then at normal angles. By comparing the size of the erosion scars of Cr0.25/CrN3.75 and Cr0.25/CrN0.25 at 30
∘ incidence angle, a smaller eroded area is observed for Cr0.25/CrN0.25 due to high erosion resistance offered by the coating. A detailed gravimetric analysis of erosion at various angles can be observed in Figures 3-5 .
An analysis of the mass loss at 30 ∘ impact angle can be observed in Figure 3 . A comparison between In718 substrate and the tested coatings shows that in all cases Conference Papers in Science 5 the tested coatings were better than substrate without a coating. Cr3/CrN1 and Cr0.25/Cr3.75 showed almost no erosion resistance because material removal takes place without any incubation time. This suggests that the coating structure does not have the capacity to bear the load under these conditions. In contrast, all the other coating systems showed an erosion resistant behavior. The Cr0.25/CrN0.25 and Cr1/CrN3 coatings showed long incubation time of almost 100 minutes. A thin metallic layer (0.25 m) was probably good enough to withstand external loading but a very thick ceramic layer (3.75 m) was unable to sustain these loading conditions. In comparison, a relatively thick ceramic layer (3 m) has high capability to withstand this load. Hence, for a Cr/CrN multilayer coatings, the critical thickness of CrN layer lies between 3 and 3.75 m seems to be relevant for causing (or inducing) changes in the mechanical behavior. The mass loss results for an incidence angle of 60 ∘ can be seen in Figure 4 . None of the coatings showed resistance against erosion. The Cr0.25/CrN0.25 coating reveals a very short incubation period of about 5 minutes (corresponds to 5 g of sand). A parallel course of the curves after first few minutes with an equivalent slope to the one of the uncoated substrate clearly proves that the coating has been removed due to particle erosion in the very first minutes and erosion of the substrate continues.
The mass loss due to erosion at 90 ∘ is shown in Figure 5 . None of the coatings showed resistance during the erosion process. The highest mass loss was observed for the C1/CrN3 coating. Cr3/CrN1 and Cr0.25/CrN0.25 were the only coatings with a short incubation period during the first few minutes. Hence, the Cr/CrN system is not an effective erosion resistant coating for normal incidence angle. Alegría-Ortega et al. [21] too investigated the erosion behavior of Cr/CrN coatings and found low material loss at 30
∘ compared to at 90 ∘ , which was attributed to the brittle behavior of coatings and high material removal due to spallation at normal incident angles.
Erosion Mechanism.
In order to understand the erosion behavior of Cr/CrN multilayer coatings, a number of representative coatings have been chosen to study the crack propagation mechanism in the coating using SEM. A crosssection of the Cr1/CrN3 coating eroded at 30 ∘ impact angle is shown in Figure 6(a) . In most cases, crack propagation was observed only in the ceramic layer and the crack propagation stops before the metallic layer is reached. This seems to indicate that the toughness of the CrN layer was high enough to prevent the crack from propagating into the metallic layer. Another interesting finding is the direction of crack propagation. Detailed SEM analysis shows that a radial crack formation is supported by the CrN layers which seem to deflect at an angle of approximately 45 ∘ within the Cr layer. This difference in crack propagation within metal and ceramic layers results in delayed crack propagation leading to longer incubation time during the erosion. Figure 6 (b) shows a SEM micrograph of the lateral crack propagation in Cr1/CrN1 eroded at an incidence angle of 30 ∘ . These lateral cracks probably initiate from the available discontinuities within the coating and find their way parallel to the substrate-coating interface. Most of the lateral cracks observed in the SEM image seem to propagate along the metal-ceramic interfaces in the coating, indicating a week adhesion between the two layers.
PVD coatings grow in form of columnar structures and are prone to failure when these columns are subjected to external loading. Due to impingement of particles with high velocities, bending of these columns take place leading to vertical cracking and shearing of columns [22] . A similar effect can be observed for the Cr1/CrN1 coating eroded at 90 ∘ ( Figure 6(c) ). Once a crack is initiated in the top most layer, instead of crack deflection in the second layer a continuous crack propagation between the grown columns until the crack reaches the substrate is observed. Initiation of lateral cracking is expected in the further stages of the erosion process leading to removal of the coating in form of pieces between two vertical cracks. Failure of coatings due to compressive stresses can be related to the continuous particle impact on the coating surface leading to surface fatigue [23] . Finnie [24] reported on the formation of cone shaped fractures which are related to the ring cracks which intersect in the later phases of erosion process leading to removal of material in large pieces.
The mechanical properties of the substrate also play a vital role in understanding the behavior of the coatings important for the erosion process. Due to high compression loading during the solid particle erosion, the coating applies a compressive stress on the substrate. When these compressive stresses exceed the plastic limit of the substrate, a shear failure of the coating occurs leading to embedding of the coating into the substrate accompanied with substrate deformation (Figure 6(d) ). A possible way to reduce this shear failure is to increase the thickness of the coating in order to decrease the intensity of internal stresses between two consecutive layers or between coating and substrate [25] .
Another important erosion mechanism, which can be seen in Figure 6 (e) for the Cr1/CrN1 multilayer coatings, is the deflection of crack propagation between Cr-CrN layer interface. Once the crack is generated in the top layer, it finds its way to the interface between the metallic and ceramic layer diffusing the stress intensity of the generated crack to penetration in the second layer. This deflection of crack at the interface of a metal-ceramic interface achieved due to elastic modulus mismatch is the advantage of multilayer coatings, which resists the erosion mechanism until complete removal of coating takes place. On the contrary, single layer coatings do not provide reflection of cracks and, hence, crack propagation finds its way through the coatings columns leading to removal of coatings in large pieces [26] .
Another important finding was the squeezing of thin CrN between thick metallic Cr layers in Cr3/CrN1 coating system (Figure 6 (f)) tested at normal incidence angle. Such a type of behavior can be related to the critical thickness of the layers and the fracture toughness of the coatings. CrN with low thickness and inadequate fracture toughness does not seem to withstand the external loading due to the particles. In contrast, Cr-metallic layers seem to be tough enough to bear the external loading, because no squeezing of metallic layers is observed in the previous discussed cases. Therefore, while designing a multilayer system, it is important 6 Conference Papers in Science 
to understand the concept of critical thickness of single layers, so that a combination of mechanical properties can be obtained for the desired applications. SEM and gravimetric analyses of Cr3/CrN1 coating lead to the conclusion that such a system did not provide the advantages of a multilayer coating system where no load bearing capacity of CrN layers were observed in a Cr matrix. Wieciński et al. [27] too reported on the critical thickness of layers where he found an increase in erosion rate with the increasing ductile phase in Cr/CrN multilayer coating. Maurer and Schulz [22] too discussed the importance of critical thickness of films and postulated a variation in the erosion phenomenon when the coating thickness is sufficiently high or low. A combination of various wear mechanisms can be observed from the SEM images of Cr1/CrN3 eroded at 60 generally for shallow incidence angles and origination of radial cracks from the substrate-coating interface typically observed for normal incidence angles can be observed here. Figure 6 (h) shows erosion mechanism in Cr3/CrN1 at 60 ∘ . It can be seen that some of the coating layers have been broken in form of parts/layers from the coating surface. Such type of behavior is generally not expected from multilayer coatings as a layer to layer removal of material is expected from such a system.
In the literature it was found that thickness ratio of individual layers as well as the bimodal period play an important role to improve tribological properties of coatings [15, [27] [28] [29] . Wieciński et al. [27] reported that the thickness ratio of Cr/CrN coatings between 0.65 and 0.81 had the lowest volume loss at oblique angles whereas no erosion resistance was observed in our case. This difference of erosion behavior can be correlated with the difference of coating architectures and the testing conditions applied during erosion tests.
Dependence of Erosion on the
Literature identifies various ratios for the description of mechanical parameters like / , 2 / and 3 / 2 [30] in order to study the erosion resistance of the coating in reference to the material properties. In the present study, a correlation between the coating resistance to the onset of plastic deformation ( 3 / 2 ) and erosion rate at an incidence angle of 30 ∘ can be observed. The erosion rate is defined as Erosion Rate = Mass of specimen removed (g) Mass of impacting particles (g) .
The illustration ( Figure 7) shows that a decreasing trend of erosion rate with the increasing 3 / 2 ratio for all coatings. Two multilayer coatings Cr0.25/CrN3.75 and Cr0.25/CrN0.25 show no direct correlation in this case. By increasing the thickness of CrN coating from 3 to 3.75 m, the residual tensile stress probably increases in the coating layer, which leads to inadequate resistance against crack propagation [31] . Hence, it is important to determine the critical thickness of the individual Cr and CrN layers in order to achieve good performance of the coating system.
A possible explanation of the deterioration of the mechanical properties of Cr0.25/CrN0.25 can be the decrease in the bilayer period [32] . Previous investigations show that hardness of multilayer systems increases with increasing bimodal period but a constant or decreased hardness is observed after a critical bimodal period is surpassed [33] . A similar behavior was reported by Marulanda et al. [34] where an increase in wear volume for coatings with a bimodal period of 20 nm was found. The behavior was associated to the weak interface bonding strength and residual stresses present in the coatings [35] . Therefore, it is supposed that a deterioration of the mechanical properties of Cr0.25/CrN0.25 coating can be related to the 96 layers which are a part of the coating architecture. Moreover, residual stresses generally increase with the increase in modulation period [36] ; therefore the presence of high residual stresses in the coating can be expected in this case. Stress measurements, planned for the near future, may provide clear statements on the effect of bimodal periods in the multilayer coatings.
According to this study, for a better resistance against solid particle erosion, 3 / 2 ratios should be maximized by achieving optimal values of hardness ( ) and low elastic modulus ( ). Such a combination will improve the resistance against plastic deformation and brittle failure.
Conclusions
In this study the erosion behavior of metal-ceramic (Cr/CrN) multilayer coatings with various coating architectures was investigated. The following results were obtained.
(1) Erosion resistance of coatings was observed for oblique incidence angles whereas no erosion protection was observed at normal and near normal incidence angle.
(2) The adhesion between the coating and substrate is one of the critical parameters, which defines the erosion behavior of a coating. In this study coatings with higher substrate-coating adhesion showed an optimum erosion resistance whereas coatings with low adhesion were unable to withstand the harsh testing conditions.
(3) The erosion resistance to plastic yield ( 3 / 2 ) shows a direct correlation with the decreasing erosion rate. Hence, erosion resistance can be improved by achieving high hardness in combination with lowModulus values of the multilayer coatings.
(4) It is important to determine the critical thickness of the layers to achieve good performance of the coating system. It was observed that the best erosion resistance was obtained with an individual layer thickness of 3 m whereas no resistance was observed for a coating thickness of 3.75 m.
(5) Various erosion mechanisms like lateral cracking, radial cracking, crack deflection at the coating interfaces and, deformation of substrate due to shearing of the coating, all related to the coating architecture, were observed.
